Given the seriously damaged emergency situation occurring after a large-scale natural disaster, a critical and important problem that needs to be solved urgently is how to distribute the necessary relief goods, such as drinking water, food, and medicine, to the damaged area and how to transport them corresponding to the actual supply and demand situation as quickly as possible. The existing infrastructure, such as traffic roads, bridges, buildings, and other facilities, may suffer from severe damage. Assuming uncertainty related with each road segment's availability, we formulate a transshipment network flow optimization problem under various types of uncertain situations. In order to express the uncertainty regarding the availability of each road segment, we apply the Monte Carlo simulation technique to generate random networks following certain probability distribution conditions. Then, we solve the model to obtain an optimal transport strategy for the relief goods. Thus, we try to implement a necessary and desirable response strategy for managing emergency cases caused by, for example, various natural disasters. Our modeling approach was then applied to the actual road network in Sumatra Island in Indonesia in 2009, when a disastrous earthquake occurred to develop effective and efficient public policies for emergency situations.
demands are not met. Thus, under two different criteria, i.e. minimizing the total transport distance and minimizing the supply-demand gap, we investigate the characteristics of how the optimal transport schedule would be changed. Also, we take the uncertainty regarding the availability of each traffic road segment into consideration by giving the probability that each traffic road segment would be "blocked". In order to deal with the quantitatively assumed probabilities, we apply the Monte Carlo simulation technique. Thus, we can determine the optimal transport schedule of various relief goods under emergency situations occurring just after natural disasters such as earthquakes and typhoons.
Van Wassen hove [6] describes as follows: disaster relief is about 80% logistics, therefore it would follow then that the only way to achieve this is through slick, efficient and effective logistics operations and more precisely, supply chain management. This condition renders the knowledge of aid logistics and supply chain management immensely important for humanitarian operations. Altay and Green [7] have summarized various applications of OR methods in disaster operations management. Delivery planning in disaster relief operations has also been studied rather extensively. Ozdamar et al. [8] proposed a logistics planning model in emergency situations that involves dispatching commodities to distribution centers in affected areas. Their model addresses the dynamic time-dependent transportation problems that need to be solved repetitively at given time intervals during ongoing aid delivery. Haghani and Oh [9] developed a multi-commodity, multi-modal network flow model for disaster relief operations in which they used penalty costs for unsatisfied demand.
On the other hand, Fiedrich et al. [10] proposed a dynamic optimization model to find the best assignment of available resources to affected areas after an earthquake. In addition, Lin et al. [11] developed a logistics model for disaster relief operations. They argue that the geographic location of the depot is very important as they have shown that they can improve the performance. Also they add that reduction in the number of clusters does not guarantee an improvement in the logistics of humanitarian relief by increasing the number of vehicles.
Meanwhile, Tzeng et al. [12] propose a multi-objective model for the optimal distribution of relief commodities, taking into account cost minimization, travel time minimization, and satisfied demand maximization. Vitoriano et al. also suggest a goal programming approach to support humanitarian organizations in aid distribution decisions [13] . Yi and Ozdamar [14] propose different transportation and network flow models in which they have also taken into account uncertainty, multiple aid items, and multiple time-periods (see also Ozdamar et al. [8] , and Barbarosoglu and Arda [15] ).
In most of the above-mentioned studies, the preparation phase or the immediate response of disaster relief has been addressed, in which most of the problems fall into the transportation problem category, namely allowing only shipments that go directly from a supply point to a demand point. However, in many situations, shipments should be allowed between supply points or between demand points, in which there may also be some points (called transshipment points) through which goods can be transshipped on their journey from a supply point to a demand point. Shipping problems with these kinds of characteristics are known as transshipment problems (see e.g. Winston [16] ). Fortunately, the optimal solution to a transshipment problem can be found by solving a transportation problem, although few studies have been conducted in this field. Herer et al. [17] developed a transshipment model in a supply chain, which consists of several retailers and one supplier. Rootkemper et al. [18] developed a mixed-integer programming model to minimize the unsatisfied demand as well as the operational costs by imposing penalty costs for unsatisfied uncertain demand.
We know there are more references dealing with emergency management issues such as the IJISCRAM 1 and the IEEE International Conference on Emergency Management even though we could not include them in this paper. We believe these references could be very useful for our future research.
Transshipment Network Flow Optimization Model Analyses

Objectives of the Network Flow Optimization Model
We consider a case where an emergency situation, caused by, for example, a relatively large scale natural disaster, has just occurred in a particular area consisting of several regions/cities and has rendered significant damage to property and inflicted human casualties, both deaths and injuries. Some regions have experienced damage and losses more severely than other regions. These regions should immediately get help, in the form of consumable and durable commodities. Some emergency supplies must be transported from several supply centers/depots (air-port/harbor or central inventory) to locations with demand (e.g. affected regions). In addition, it is given that, in general, every region has a supply/stockpile of emergency vital needs, albeit for a relatively short time and in limited quantities. Thus, for a relatively short time (i.e. a few days), the need of relief goods vital for survival, such as medicine/drugs, drinking water/clean water, and food, can be supplied by the affected regions of the natural disaster itself; in other words, the affected regions become both demand and supply regions.
We consider the following problem. Suppose we are given a set of regions, e.g. cities, and a set of commodities, e.g. drinking water, food and medicine, and moreover suppose we know that each city has a certain amount of each commodity it can supply, as well as some demand. Then if each city's supply of each commodity is not less than its demand, then we do not need to transport any commodity from one city to another. However, as this case may occur generally, we want to find an optimal transport scheduling strategy so that all the demand for commodities for all cities can be met. Otherwise, namely in the case where all cities' demands for commodities are not necessarily met, we want to find some desirable transport scheduling strategy. We denote regions with excess supply, namely regions where the supply for the commodity is larger than the demand, as RES. Similarly, other affected regions might not be able to satisfy their own demand. We denote such regions with excess demand, namely regions where the demand for the commodity is larger than the supply, as RED. Of course, affected regions that experience excess demand (RED) are regions that should immediately get help in order to minimize the number of casualties as a result of the disaster. The necessary goods for survival must be immediately sent to this region. Thus, logistics in an emergency can be defined as the distribution of relief vital needs commodities under (large-scale) emergencies, which is also known as humanitarian logistics or relief operations, carried out in the second phase of disaster management, i.e. the response phase. The following formulation of a multi-commodity transshipment network flow optimization model provides a solution to the problem described above.
Common practices follow that the available relief aid to be sent immediately should come from the neighboring regions that are less affected (RES) to the regions that are severely affected (RED). However, the immediate relief consignments may not be able to satisfy all the demands. Subsequently, we need to transport the relief logistics from, e.g. the supply center (SC) once they become available. Hence, these problems will be solved by a technique whereby we calculate the maximum demand gap and transport relief aid by using the shortest path technique.
In general, depending on the time when the SC can be established and operated, we consider the stage to deliver relief aid to the affected regions. Firstly, we consider how RES can deliver their surplus to RED, and if there still remains a demand gap in RED, then we consider how the SC can deliver relief aid to meet all the remaining demand "shortage" gap in RED.
General Formulation and Computational Procedures
We denote the network by ( )
where N is a set of vertices corresponding to regions/cities and E is a set of edges corresponding to road segments. We assume that each region is represented by the capital city, thus in order to measure the distance between two regions we define the distance between these capital cities. Set E consists of the edge ( )
K is the set of relief vital commodities such as drinking water, food, medicine/drugs, etc. We formulate a network flow optimization problem, which we call a network flow optimization model (NFOM). We denote input data as follows (i) ij
probability that the edge (roadsegment) between region i and j is broken;
transportation cost (distance or travel time) for road segment ( )
: road capacity for road segment ( )
amount of extra supplies in the SC for commodity k.
We define the decision variables, constraints and objective function of the NFOM as follows:
: the amount of commodity k traversing road segment ( )
: the demand gap for commodity k in region j; k w : the maximum demand gap with respect to commodity k. ii) Constraints As the model is based on a network flow formulation, we need to formulate continuity and conservation conditions. The constraints are stated and explained as follows:
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, ;
Constraint (1) expresses the flow conservation condition satisfying the demand for commodity k in region j. In addition, in constraint (1) the amount of commodity k transported to region j from all other region i may not satisfy the demand needed in region j, then, we assume that the amount of commodity k transported to region j should meet the demand for commodity k in region j by taking a positive value for the variable jk v . Constraint (2) reflects the road capacity constraint. Constraint (3) denotes the supply constraint, in which the amount of commodity k transported from region i should not exceed the supply of commodity k in region i. Constraint (4) indicates the maximum demand gap at region j with respect to commodity k.
iii) Objective function Our linear programming model has two objectives, namely to minimize the transportation cost (i.e. distance or time travel) and the total demand gap. The objective function of the model is stated in the following:
where 1 0 K ≥ and 2 0 K ≥ To incorporate the uncertainty condition, we modify one of the constraints namely constraint (2), by adding the probability of broken road segment ij P , that is:
0 with probabil ; ity with probability 1 ;
Constraint (6) indicates that a road segment ( ) , i j is broken with the probability ij P .
We can summarize our computational procedures as follows:
Step 1:
Obtaining an optimal solution for the Reference case ( )
Step 2:
1, 1, 000, 000
Step 2-1: Set
Step 2-2:
Define edge capacities as
Step 2-3:
Solve the above optimization problem. Obtain an optimal solution { } A flow chart of the Iterative computational procedure is given in Figure 1 . The network flow optimization model, NFOM, described above gives an optimal allocation of supplying relief goods from some region in RES to another region in the RED. Then we consider how we can meet the remaining excess demand of relief aid in RED. We formulate a network flow optimization model to solve this problem for the emergency situation, which we call the demand shortage clearance model (DSCM). Our assumption follows that all the remaining demand of relief commodities in RED will be met by providing commodities from the SC, i.e. a certain designated region in the network, to each region in RED. In order to attain an optimal transportation schedule we formulate the following network flow optimization model.
We , ? Constraint (7) is on the minimum number of vehicles necessary for the delivery to destination i. The summation is taken for all the batches to calculate the total number of vehicles necessary for destination i. Constraint (8) limits the total number of vehicles used at every hour. Incidentally, this constraint (8) becomes redundant for some t values as they give the same constraint, so we need to delete those redundant constraints even though the application software FICO Express 7.4 (Fair Isaac Corporation) ignoredthis redundancy. Constraint (9) is the road capacity constraint.
iii) Objective function 1: Minimize 2
We assume the shortest path is used in order to deliver the goods to any destination region. Our objective function aims at minimizing the number of vehicles necessary for the delivery from SC to the destination region in RED in the sense that we try to minimize the criterion given by (10) . In the objective Function (10), the coefficient 2 j is to attain as small a number of batches as quickly as possible by giving larger weights to the additional batch of vehicles in order to avoid the late delivery of supplies.
Application to the Indonesian Sumatra Earthquake Case
Data and Assumptions
We apply the network flow optimization model described above to the case of the 2009 West Sumatra earthquake in Indonesia. We know that Sumatra Island is an area included in a zone of high seismic activity, the socalled "Pacific Ring of Fire". Thus, earthquakes are one of the natural hazards that can hit the island at any time. Thus, a disaster management plan that includes emergency response preparations should be done as carefully and quickly as possible, with the principle of "hope for the best but prepare for the worst".
Two earthquakes of 7.6 and 6.2-moment magnitude struck off the coast of West Sumatra, Indonesia on September 30, 2009. The first earthquake occurred at 17:16 p.m. and the second one followed 22 minutes later. The epicenter was 45 km west-northwest of the port city of Padang, the capital of West Sumatra, and it had recorded a depth of 71 km. A third earthquake of 6.8 magnitude struck an inland area, 225 km southeast of Padang, early the next morning (BNPB, 2009). The cumulative impact of these events left a broad swath of destruction. The earthquakes caused serious damage to housing and infrastructure in the communities in 13 regencies/cities 2 , destroying livelihoods, and disrupting economic activity and social conditions, causing extensive psychological trauma [19] [20] . Landslides in West Sumatra left scores of houses and several villages buried; i.e., three villages in the path of the disaster in Padang Pariaman regency appeared to have been completely leveled, and most of their inhabitants appear to have been buried due to subsequent landslides. Macro data for the casualties and property damages are given in Table 1 , while the corresponding detailed data for the West Sumatra Provinces are shown in Table 2 .
Furthermore, to deliver some relief commodities to the affected regions, we need to know the road transportation network system of West Sumatra Province. It should be noted that the entire transportation road network system in West Sumatra province is large as it comprises of state roads, provincial roads, and district roads. Since we only deliver relief aid from SC, located in the provincial capital, Padang city, to the capital of the district/city or to the depot in each district/city, we assume that we only deliver the relief aid up to the SC of each affected region, mostly located in the capital of each regency/city rather than delivering the relief aid directly to the beneficiaries. Thus, we simplify the entire network system by simply taking the main roads linking the capital of the affected district/city, which consists of state roads and provincial roads. Figure 2 shows the road transportation network system with 12 vertices and 22 edges in West Sumatra province as a whole.
In Figure 2 , there are 7 regions affected by the disaster, which can be divided into two groups, namely severely affected and less affected regions. Regions that belong to the former group are 1, 2, 5, and 6, while regions 3, 4, and 7 belong to the latter group. Regions in the latter group may be able to satisfy their own demand, and they may have supply surplus for some relief commodities, which then makes them suppliers, and we define these regions as regions with supply surplus or RES. On the other hand, regions in the former group cannot satisfy their own demand, thus creating a demand shortage. We define these regions as regions with demand shortage or RED. In most cases, when there is a disaster, the relief consignments from the supply center, which come from the central government or other parties, usually do not come immediately due to some difficulties. Therefore, common practices follow that the available relief aids to be sent immediately should come from the neighboring regions of less affected RES to those of severely affected RED. However, the immediate relief consignments may not be able to satisfy all the demands too. Subsequently, we need to transport the relief logistics from the SC once they become available. Thus, these problems will be solved by calculating the maximum demand gap and transporting relief aid by using the shortest path technique.
Numerical Results by the Deterministic Approach
Firstly we consider the case that all road segments are available (survive), i.e. 0 ij P = for all ( )
we discuss more general cases such that the road segment ( ) , i j E ∈ might be broken with general probability 0 1 ij P ≤ ≤ . Table 3 gives the demand and supply for the commodity, i.e. drinking water for 7 days (one week). The supply and demand columns describe the stockpile/reserve and the need for each commodity in each affected region. In Table 3 , the negative value of Gap indicates that the region is in a Region with Excess Demand (RED), while a positive value of Gap indicates that the region is in a Region with Excess Supply (RES). The Total Excess Demand (TED) from RED is the summation of all the negative values of Gap, which is 823.12 for drinking water from Table 1. The Total Excess Supply (TES) from RES is the summation of all positive values of Gap, which is 71.15 for drinking water from Table 1 . As mentioned in Section 2, just after the natural disaster occurs, the affected region should try to satisfy the demands using existing reserves in each region. However, as this can only last for a few days, not long after, the increased demand and the diminishing supplies lead to gaps between supply and demand in some affected regions, especially in regions that have experienced the relatively severe impact of the natural disaster. Of course, this gap should be filled as soon as possible by sending the commodity from the neighboring region and/or the SC. Data sources for the supply for aid commodities are several governmental institutions. Data for drinking water are taken from the regional enterprise of drinking water (PDAM). Furthermore, the estimated relief commodity, drinking water for one week, available in the SC Padang city is 1058.76 (m 3 ). The number of trucks for transporting food and medicine is estimated to be 56 vehicles with the maximum capacity per vehicle being 14 tons, while the number of tanker trucks for transporting drinking water is estimated to be 39 with the maximum capacity per vehicle being 6 m 3 . From Table 3 , we see that all the commodities have larger total demand than total supply, which leads to "demand gaps" interpreted as "shortages" for each commodity. Furthermore, we can also see that the situation is different for each commodity in each region. Figure 3 illustrates the condition of supply and demand of drinking water by region. For instance, as depicted in Figure 3 , regions 1, 2, 3, 4, 5, 10, 11, and 12 encountered excess demand for drinking water denoted by RED, where region 11 has the largest (maximum) demand gap (282.49); while regions 6, 7, 8, and 9 denoted by RES experienced excess supply (71.15). Then by assuming that the main SC takes some times to be established and/or start operating, RES can deliver their excess supply to their neighboring RED.
Our objective function given in (5) consists of two terms in which the first one aims at minimizing the transportation cost (i.e. distance or time travel), while the second one corresponds to minimizing the maximum demand gap. Even though we are aiming at minimizing both the transportation cost and the maximum demand gap simultaneously, the optimal solution obtained from the model depends upon the values of coefficients K 1 and K 2 indicating the relative "importance" of the above two terms. A general computational procedure of the model analysis implies that after estimating the gap, we try to deliver supplying commodities from RES to RED with minimum transportation cost taking the maximum demand gap minimization into consideration. Table 4 shows the change of optimal solution for water delivery corresponding to the gradual increase of coefficient value 2 K for a fixed value of 1 K (e.g. 1 1 K = ). From Table 4 , we find that when the relative "importance" of the maximum demand gap is rather small, i.e. "gap" cost is small, no delivery from RES to RED is seen from model solution. However, increasing the value of coefficient 2 K larger than 120, the model starts to give a gradual increase with respect to the amount of water supply to be delivered. We know that reducing the maximum demand gap by a certain amount means increasing the delivery by the same amount from some RES to other RED with the minimum transportation cost. Therefore, we can see from 3 . Now, regarding the "turning" coefficient value as between 2 120 K = and 2 130 K = , this implies that the minimum transportation cost for a unit amount of water supply from some RES to other RED occurs between region 9 and region 11 with a total distance 63 69 129 + = . Hence, for a coefficient value less than 2 129 K = , there is no supply delivery from RES to RED, while for 2 129 K > , the maximum demand gap minimization process starts to provide drinking water from RES region 9 to RED region 11 by the demand We can also see that other RES regions (i.e. 6, 7, and 8) have not delivered their supply in order to minimize the sum of the transportation cost and the demand "gap" cost. Subsequently, the next "turning" coefficient value appears between 2 140 K = and 2 150 K = corresponding to the next shortest distance route from region 7 to region 11 with 19 63 66 148 + + = as we see in Table 4 . Thus, following the increase of the coefficient value 2 K , additional deliveries are obtained along the "next" shortest routes. We see no change for our optimal solution after we increase the value of 2 K to over 210, as shown in Table  4 have been delivered to RED (i.e. region 11), resulting in a decrease in k w and jk v at region 11 to 211.34 m 3 . Figure 4 illustrates the routes to be travelled for delivering drinking water from RES to RED in the final optimal solution (i.e. 2 210 K = ). The results in Table 4 and Figure 4 show that there still remain demand gaps for the commodity of drinking water in each region with demand shortage (RED). All of these remaining demand gaps in the RED need to be met by delivering additional relief goods from the SC to each destination. The problem then will be how to deliver the relief goods from the SC to the RED as quickly as possible. We try to solve this problem for the emergency situation using what we call DSCM, described in Section 2.2.
From the solutions shown in Figure 4 we see that the maximum excess demand gap in region 11 was reduced from 282.49 to 211.34. However, we know that still there remain excess demand gaps in regions 1, 2, 3, 4, 5, 10 and 12 also with 751.95 in total as shown in Table 3 . We try to fill these excess demand gaps by sending vehicles to all regions needed carrying the relief commodity drinking water with the minimum number of batches for sending vehicles. In order to apply the optimization model given in (7)- (10) Table 5 . Furthermore, as our objective is to deliver the vehicles from the SC, which is at the provincial capital i.e. Padang city, to the RED as quickly as possible, in solving this shortest path problem we exclude region 1. In addition, we also assign the following assumptions: vehicle velocity ( ) We define input data for the model DSCM given by (7)- (10) given in Table 5 . Delivery routes for the relief good of drinking water from SC to RED are shown in Figure 5 .
Numerical Results by the Probabilistic Approach
The probabilistic approach considers the probability ( ) ij P that the road segment is blocked, i.e. becomes unavailable due to a natural disaster, for each road segment (edge) ( )
∈ . This possibility might force the route for delivering aid commodity as well as the amount of aid commodity to be changed. Following the algorithm shown in Figure 1 , we apply conducting ( ) 500 T = iterations for the network flow optimization model. Table 6 presents the computational results giving the mean values of the max-gap, total distance to deliver the relief goods drinking water from RES to RED corresponding to various values of probability of broken road segments. In Table 6 , we can see that the available drinking water is delivered from RES to region 11 with the highest demand gap. Figure 6 shows the total distance for delivering the drinking water from SC to RED and the value of the max-gap corresponding to various probability values. From Figure 6 , we find that as the probability of broken road segments increases, the total distance for delivering the drinking water from SC to RED region 11 decreases while the max-gap increases. Figure 7 shows the amount of the drinking water from SC to RED corresponding to various probability values. We see that as the probability of broken road segments increases, the amount of the drinking water delivered from SC to region 11 decreases, reaching zero when all road segments were broken with probability 100%.
The higher possibility of broken road segments also suggests alarger remaining demand gap. As we can see from the column of max-gap which represents the amount of remaining maximum demand gap in Table 7 , when all the road segments are available ( ) 0.00 ij P = , the remaining demand gap of drinking water in region 11 becomes 211.34 m 3 , that is after receiving aid of 71.15 m 3 from RES. However, increasing the probability of broken road segments, the remaining demand gap also increases. In addition, there also other consequences; i.e., the routes taken to deliver the drinking water from RES to region 11 also change with the changes of the probability of broken road segments as shown in Table 7 . The rows in Table 7 represent the mean of the amount of drinking water delivered to region 11 for certain probabilities of broken road segments (edges), while the columns in Table 7 show the transshipment flows (routes) taken to deliver the drinking water to region 11.
Summary and Conclusions
Given that disasters are prominent throughout the world, the importance of disaster management is undeniable, and a large amount of human losses and unnecessary demolition of infrastructure can be avoided with very responsive Disaster Management Action, and thus humanitarian logistics or logistics in an emergency should be 1.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 well planned in advance. In such a situation, an optimal strategy on how to distribute necessary relief commodities to the damaged areas and transport them corresponding to their supply and demand condition as quickly as possible is vitally needed. As part of the action taken in the response phase, our optimization models have tried to address this issue. In this study, an approach for logistics in emergency under uncertainty has been presented, which can be applied in the occurrence of seriously emergency situations. In such a situation, we try to find an optimal strategy on how to distribute necessary relief commodities to the damaged area and transport them corresponding to their supply and demand condition as quickly as possible. The optimal strategy should take into account two objectives: minimizing the transportation cost (i.e. distance or travel time) and the total demand gap.
In order to solve this problem, we build a multi-commodity transshipment network flow optimization model (NFOM) for making decisions under uncertainty. To evaluate the model and the solution method, we apply the NFOM to the case of the 2009 West Sumatra earthquake in Indonesia. The resulting planning problem consists of the distribution of the relief commodities and the number of vehicles necessary to deliver the relief commodities. Both the NFOM and the demand shortage clearance model (DSCM), including the simulation, and the solution analyses, are applicable to other planning situations such as air transportation and water transportation of various types of relief goods, which have similar characteristics. The optimal strategy obtained from the NFOM should take into account two objectives, namely, minimizing the transportation cost (i.e. total distance or travel time) and minimizing the maximum demand gap. By assuming a fixed value of the coefficient 1 K , if we emphasize more on the importance of the total cost, then we assign a lower value for the coefficient 2 K , otherwise, we assign a higher value for 2 K . Thus, the general strategy obtained from the NFOM to decrease (minimize) the largest excess demand is to find a set of regions with extra supply (positive value of the gap), and then try to connect those regions to the region with the largest excess demand. Subsequently, depending on the solution obtained from the NFOM, we solve the DSCM to find the shortest path and minimize the number of batches for sending vehicles necessary to deliver relief aid from SC, in order to satisfy all the remaining demand gaps in RED. As a logical consequence which can be seen from the model solution, if we choose to minimize the maximum gap at the NFOM, then at the DSCM, the number of vehicles necessary to deliver relief commodities to the region with the largest gaps can be reduced.
Both NFOM and DSCM are necessary, useful, and important, even though they have their own shortcomings and limitations in the sense that neither can solve the total and comprehensive relief goods transport problem completely. However, we believe that under conditions of uncertainty such as after the occurrence of natural disasters, and given that the amount of damage and casualties may not be known, our model results can give us new insights and findings regarding how we should handle relief goods transport problems under emergency situations.
In this regard, we can say from the viewpoint of public policy that the government must carefully plan the humanitarian logistics in advance. More specifically, the government should always keep an inventory of the supply of relief commodities and update it in terms of both quantity and quality, and keep track of the transportation modes.
